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Monoclonal T Cells Identified
in Early NOD Islet Infiltrates
Yang Yang,* Brett Charlton,² Akira Shimada,* have been isolated from the periphery as well as lesions
of insulitis from both prediabetic and diabetic NOD miceRichard Dal Canto,* and C. Garrison Fathman*
*Stanford University School of Medicine (Haskins et al., 1988, 1989). Islet-specific T cell clones
studied to date have expressed many different T cellDivision of Immunology and Rheumatology
Stanford, California 94305-5111 receptors (TCRs), suggesting that they may recognize
different antigens (Candeias et al., 1991; Nakano et al.,²John Curtin School of Medical Research
Canberra, ACT 1991). However, islet-infiltrating T cells have not been
well characterized in very young NOD mice.Australia
The first histopathologically detectable infiltrate of
lymphocytes in NOD mice occurs at about 1 month of
age. As previously demonstrated, islet-infiltrating T cellsSummary
of NOD mice examined at 1 month of age express a
heterogeneous array of TCR Vb gene products (NakanoTo examine the hypothesis that a single initiating anti-
et al., 1991; Waters et al., 1992; Maeda et al., 1991;gen was recognized by a monoclonal T cell population
Toyoda et al., 1992; Galley and Danska, 1995). Nonethe-leading to subsequent inflammatory insulitis in non-
less, it was possible that earlier islet-infiltrating T cellsobese (NOD) mouse islets, we examined the T cell
might recognize a single autoantigen and have a re-receptor (TCR) Vb repertoire of islet-infiltrating T cells
stricted (monoclonal) TCR repertoire. Owing to recruit-in very young (2-week-old) NOD mice. In independent
ment, inflammation, or both, the monoclonal populationexperiments, we repeatedly identified one monoclonal
might not be easily identified at a later timepoint. ThisTCR Vb8.2 gene product expressed by T lymphocytes
hypothesis was suggested by studies in experimentalinfiltrating the islets of NOD mice at 2 weeks of age.
allergic encephalomyelitis (EAE), an animal model inThe resultant inflammatory responsequickly obscures
which autoimmune disease depends upon the early rec-the monoclonal nature of the initiating event. These
ognition and infiltration of the central nervous systemdata suggest that autoimmune diabetes in NOD mice
(CNS) by T cells bearing the Vb8.2 receptor (Acha-Orbeamay be initiated by recognitionof a single autoantigen.
et al., 1988; Gold, 1994). Studies of inflammatory lesions
of the CNS in EAE, even very early in disease, demon-Introduction
strated that it was difficult to identify disease-inducing
Vb8.2 T cells in the early inflammatory infiltrates (Bell etThe nonobese diabetic (NOD) mouse is an animal model
al., 1993). We hypothesized by analogy with EAE, thatof human insulin-dependent diabetes mellitus (IDDM),
a monoclonal T cell population recognizing a single ba cell-mediated autoimmune disease in which T cells
cell autoantigen might initiate islet infiltration and triggerinfiltrate pancreatic islets of Langerhans and destroy
the immune response cascade inNOD disease.Determi-insulin-producing b cells (Makino et al., 1980; Miller and
nant spreading of the response or inflammatory se-Chacko, 1988; Shizuru et al., 1988). The initiating autoim-
quelae could result in the rapid appearance of a diversi-mune events in the NOD mouse are not well understood.
fied population of T cells and an immune responseThe association between products of the major histo-
directed at multiple autoantigens (Kaufman et al., 1993;compatibility complex (MHC) class II region with certain
Tisch et al., 1993). To examine this hypothesis, NODautoimmune diseases (including NOD IDDM) may be
mice were sacrificed at various timepoints precedingdue to recognition of a single MHC class II±restricted
histopathologically detectable infiltration and islet-infil-antigenic determinant by a clone of autoreactive T cells.
trating lymphocytes were studied by several techniques.Such recognition could lead to an immune response
cascade with autoimmune sequelae (Nepom and Erlich,
1991; Todd et al., 1987). This hypothesis is supported Results and Discussion
by animal models in which purposeful immunization with
autoantigenic determinants leads to monoclonal T cell Identification of Islet-Infiltrating T Cells
in Young NOD Miceresponses that initiate inflammatory autoimmune dis-
eases (Zamvil et al., 1988; Burns et al., 1989; Infante et Single-cell suspensions prepared from isolated pancre-
atic islets from ten 14-day-old female NOD mice wereal., 1992). T cells or antigens involved in the earliest
immune response in spontaneous autoimmune dis- pooled. Using reverse transcription polymerase chain
reaction (RT±PCR), a very limited TCR Vb expressioneases in animals (or in man) have not yet been character-
ized. Human studies have been constrained to studying was seen from the islet-infiltrating lymphocytes in these
14-day-old NOD islets (Figure 1C). Vb8 gene productsimmune events during disease expression, presumably
representing later events in the inflammatory cascade were dominant among the islet-infiltrating T cells (Figure
1C). In contrast, Vb expression from an aliquot of pooled(Stamenkovic et al., 1988; Oksenberg et al., 1993; Con-
rad et al., 1994). lymph node (LN) cells taken from the same 14-day-old
NOD mice (using the same RT±PCR technology) wasNOD mice develop spontaneous autoimmune diabe-
tes with certain similarities to human type I diabetes entirely heterogeneous with expression of most of the
19 Vb-specific families analyzed (Figure 1A). Preferential(Makino et al., 1980; Hattori et al., 1986; Acha-Orbea and
McDevitt, 1987). T cell clones recognizing islet antigens expression of Vb8 TCR by lymphocytes in early islet
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Figure 1. TCR Vb Expression in NOD Islets
RT±PCR for TCR Vb expression was per-
formed with mRNA prepared either from
pooled lymph node cells of ten 14-day-old
NOD female mice (A) or from pancreatic islet
cells containing infiltrating lymphocytes from
the same pool of 20-day-old NOD female
mice (B) or of 14-day-old NOD female mice
(C). One 39 Cb primer and nineteen different
59 Vb-specific primers were used for PCR.
The primer sequences were the same as in
Bell et al. (1993).
infiltrates could be due to one of several possibilities. clones from pooled LN cells taken from the same 14-
day-old NOD mice (Figure 3). Of 14 sequenced PCRSuperantigen activation of T cells could lead to the
expansion of a polyclonal pool of lymphocytes express- clones from LN cells of these 14-day-old NOD mice, 4
expressed Vb8.1; 5 expressed Vb8.2; and 5 had Vb8.3ing TCR Vb8 gene products without clonal expansion
within the TCR Vb8(1) population. This possibility was sequences.
suggested by recent data obtained studying human islet To ask whether there was clonal expansion of islet-
infiltrates (Conrad et al., 1994). Alternatively, expansion infiltrating lymphocytes expressing Vb other than Vb8
of a clonal population of Vb8(1) T cells would suggest in the pooled islet cells from these ten 14-day-old NOD
recognition of a specific antigen. To distinguish between female mice, cDNA from the next most dominant TCR
these possibilities, Vb8 cDNA obtained from both islet seen by Southern analysis Vb13 (see Figure 1C), was
and LN cell preparations from these 14-day-old NOD cloned and sequenced. Unlike the clonal expansion
mice was cloned and sequenced. Vb8 cDNA clones ob- seen in the Vb8 PCR products, the sequenced Vb13
tained from islet-infiltrating lymphocytes of these 14- cDNA gene products were quite heterogeneous (Figure
day-old NOD mice demonstrated clonal expansion, sug- 4). Of the 9 Vb13 PCR clones sequenced, only 2 shared
gesting recognition of specific antigen. Of 9 Vb8 cDNA an identical nucleotide sequence. These results dem-
clones sequenced, 8 were identical at the nucleotide onstrated that Vb8-expressing T cells were the major
level (Figure 2). In striking contrast, no identical (or ho- population of islet-infiltrating T cells undergoing clonal
mologous) sequences were found in 14 Vb8 cDNA expansion in the islets of 14-day-old NOD mice.
To support the hypothesis based on the EAE model
Figure 2. The Junctional Region of Vb8 cDNA Clones from Islet-
Infiltrating T Cells from 14-day-old NOD Mice
One dominant Vb8 cDNA sequence (8 of 9) was seen in islet-infiltrat-
Figure 3. The Junctional Region of Vb8 cDNA Clones from LN Cellsing lymphocytes from 14-day-old NOD mice. This rearranged TCR
of 14-day-old NOD Miceb chain sequence (Vb8.2 Jb2.6) repeatedly appeared in independent
PCR clones derived from NOD islet-infiltrating T cells and NOD±scid TCR Vb8 cDNA obtained from LN or islet-infiltrating T cells from 14-
day-old NOD mice by RT±PCR (Figure 1) was cloned and sequenced.recipients of islet cells containing infiltrating lymphocytes (Figures
6 and 7). It was also identified in the LN PCR products of TCR Vb8 cDNA clones from LN cells of 14-day-old NOD mice were entirely
heterogenous.cDNA (Figure 3, asterisk).
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Figure 4. The Junctional Region of Vb13 cDNA Clones from Islet-
Infiltrating T Cells from 14-day-old NOD Mice
Data presented represent Vb13 PCR sequences obtained from RT±
PCR of islet infiltrating lymphocytes of 14-day-old NOD mice.
described above (Bell et al., 1993) that inflammatory
sequelae resulted in the rapid appearance of a diversi-
fied population of T cells in insulitis, we next examined
islets isolated from a group of ten 20-day-old and ten 30-
day-old female NOD mice. TCR Vb genes were readily
detected by PCR technology in islet-infiltrating T cells
from these mice. However, in contrast with the limited
TCR Vb gene products recognized in the 14-day-old
female NOD mouse islets (see Figure 1C) and although
Vb8 gene products were still seen, theTCR Vb repertoire
of islet-infiltrating T cells in 20- and 30-day-old female
NOD mice had expanded (see Figure 1B). We sequenced
seven Vb8(1) cDNA clones obtained from islet-infiltrat-
ing T cells in the pool of 20-day-old NOD mouse islet
cells and a heterogeneous TCR Vb8 repertoire was seen:
Figure 5. TCR Vb Expression in NOD±scid Recipients of NOD Islet
three cDNA clones used Vb8.1; two used Vb8.2; and Infiltrating T Cells
two used Vb8.3. These results indicate that the homoge-
RT±PCR analysis of TCR Vb expression in lymph node cells (B and
neity of the early infiltrative Vb8(1) monoclonal T cell C) and pancreatic islet cells containing infiltrating lymphocytes (D
population seen in the 14-day-old NOD islets (Figures and E) of NOD±scid recipients of islet cells containing infiltrating
lymphocytes. In (A), the NOD±scid recipient received an aliquot of2±4) was rapidly lost; presumably due to the inflamma-
20,000 lymph node cells from a pool of LN cells taken from ten 14-tory response following antigen recognition.
day-old NOD mice (no Vb expression was detected in the islets of
this recipient; data not shown). In (B) and (C), the recipients (NSR2Clonal Expansion and Reinfiltration and NSR4) received islet cells containing infiltrating lymphocytes
of Islet-Derived Vb8 Expressing T Cells from ten 14-day-old NOD mice, 2±4 months before analysis; Vb8
in NOD±scid Recipients was predominantly expressed in LN cells in both instances. Vb8 was
also predominantly expressed in the islet-infiltrating lymphocytes ofTo attempt to expand the number of lymphocytes ob-
NSR2 (D) and NSR4 (E).tained from 14-day-old NOD islets and to ask whether
islet-infiltrating T cells rehomed to islets, adoptive trans-
fers of cells from NOD to NOD±scid mice were per-
formed. NOD±scid mice do not develop IDDM (or insul- cDNA from the LN cells of this NOD±scid recipient was
found to be highly diversified in the VDJ region withoutitis) and do not have TCR-positive lymphocytes
(Prochazka et al., 1992; Christianson et al., 1993; Rohane clonal expansion (data not shown). These results dem-
onstrated that there was no biased or selective clonalet al., 1995).
To monitor the expansion of adoptively transferred T expansion of Vb8 T cells from 20,000 LN-derived cells
(pooled from ten 14-day-old NOD female mice) trans-cells in NOD±scid mice, (no Vb gene expression was
detected in LN or islet cDNA from NOD±scid mice with- ferred into a NOD±scid recipient. More importantly, LN-
derived T cells did not home to or infiltrate the recipientout adoptive transfer), we compared transfer of small
numbers of pooled LN cells (20,000) to transfer of the NOD±scid pancreas during the course of this exper-
iment.pooled islet cell suspensions containing infiltrating lym-
phocytes from additional groups of ten 14-day-old NOD We then examined transfer of islet-infiltrating T cells
from 14-day-old NOD female mice into NOD±scid recipi-mice into 8-week-old NOD±scid recipients. LN and pan-
creatic islet cells were harvested from the NOD±scid ents and asked whether they would home to recipient
islets. Single-cell suspensions containing infiltratingrecipients 5 weeks later and analyzed by RT±PCR for
TCR Vb gene expression. As expected, an extremely lymphocytes from islets isolated from three additional
groups of 14-day-old NOD female mice were transferreddiversified TCR Vb expression was found in the NOD±
scid recipient of 20,000 LN cells from 14-day-old NOD to four additional NOD±scid recipients (NSR1±NSR4).
The first two recipients (NSR1 and NSR2) each receivedfemale mice (Figure 5A). No islet-infiltrating T cells could
be identified by PCR analysis of the islet cells from this approximately 106 single islet cells (containing less than
1% infiltrating CD3[1] lymphocytes by FACS analysis)NOD±scid recipient of LN cell transfer. Additionally, Vb8
Immunity
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Figure 7. The TCR Vb8 VDJ Region of Islet-Infiltrating T Cells from
NOD±scid Recipients
TCR Vb chain cDNA from the islet-infiltrating T cells of NSR2 and
NSR4 was cloned and sequenced. In both recipients, islet-infiltratingFigure 6. The TCR Vb8 VDJ Region of LN Cells from NOD±scid
T cell±derived Vb8 cDNA clones had identical sequences to thoseRecipients
found in the periphery of the NOD±scid recipient (Figure 6), indicatingSequences of TCR Vb8 cDNA clones derived from lymph node cells
that the clonally expanded Vb8(1) T cells had reinfiltrated the isletsof NOD±scid recipients of islet cells containing infiltrating lympho-
of the NOD±scid recipients.cytes from 14-day-old NOD mice. There was one rearranged Vb8
sequence dominantly expressed in each recipient. The Vb8-
dominant clone seen in NSR1 was identical to that presented in FACS Analysis of Vb8(1) Infiltrating
Figure 2.
Lymphocytes from Islets of
14-day-old NOD Mice
Data presented in Figure 6 suggest that several Vb8(1)
prepared from pooled islet cells obtained from two dif- T cell populations can be identified by adoptive transfer
ferent groups of ten 14-day-old NOD mice. The other of infiltrating lymphocytes from pooled islet cells from
two recipient mice (NSR3 and NSR4) received equal ten 14-day-old NOD mice. To analyze this question di-
aliquots of the pooled islet cells containing infiltrating rectly, we isolated islet-infiltrating Vb8(1) T cells by flow
lymphocytes prepared from the third group of ten 14- cytometry from a population of pooled islet cells ob-
day-old female NOD mice. The NOD±scid recipient mice tained from another group of ten 14-day-old female NOD
were sacrificed 2±4 months following transfer and LN mice. We then examined the sorted Vb8(1) islet-infiltrat-
and pancreatic islet cells were analyzed for TCR Vb ing T cells (100±200 Vb8[1] cells obtained/pool) by RT±
expression by RT±PCR. (Confirming previous studies PCR. cDNA clones from FACS-sorted islet-infiltrating
[Prochazka et al., 1992; Christianson et al., 1993; Rohane Vb8(1) T cells shared limited homologous nucleotide
et al., 1995]), none of these recipient NOD±scid animals sequences (Figure 8). One Vb8.2 PCR sequence ob-
developed hyperglycemia prior to sacrifice). By South- tained from FACS-sorted islet-infiltrating Vb8(1) T cells
ern analysis of RT±PCR products of recipient NOD±scid was identical at the nucleotide level to the TCR b chain
LN cells, all four NOD±scid recipients of islet-infiltrating sequence seen twice before (see Figures 2±4 and 6,
lymphocytes of 14-day-old NOD mice expressed a band NSR1). As a control, the same number (<300) of FACS-
in the Vb8 lane (see Figures 5B and 5C represent NSR2 sorted Vb8(1) LN cells were shown to be as highly diver-
and NSR4). LN Vb8 cDNA from all four NOD±scid recipi- sified by PCR analysis as the unsorted LN-derived
ents was cloned and sequenced. The results (Figure Vb8(1) T cells (data not shown). The analysis of Vb8(1)
6) demonstrated that in each recipient, there was one T cells purified by sorting confirmed that a limited num-
dominant Vb8(1) T cell clone. In NSR1, all 16 of the ber of rearranged Vb8 TCRs were expressed on the T
Vb8 clones sequenced (Figure 6) shared the identical lymphocytes infiltrating the islets of young NOD mice.
nucleotide sequence with the TCR Vb sequence pre- Whether these infiltrating T cells expressed identical or
viously identified from islet-infiltrating T cells in the origi- different TCR a chains is under investigation.
nal pool of islets taken from ten 14-day-old NOD mice
(see Figures 2±4). Conclusion
To ask whether the islet-infiltrating T cells from 14- The results presented above have demonstrated that T
day-old NOD female mice were islet specific, we exam- lymphocytes expressing monoclonally rearranged Vb8
ined the islets of the NOD±scid recipients. Pancreatic TCRs infiltrated the islets of young NOD mice. That such
islet cells were isolated from NSR2 and NSR4 to deter- T cells were islet specific was supported by homing
mine whether there was T cell infiltration. RT±PCRanaly- studies in NOD±scid recipients. The possibility that such
sis demonstrated that in the islets of both recipients T cells were antigen specific was supported by the re-
examined (but not in control or LN transfer recipient peated isolation of islet-infiltrating T cells expressing
NOD±scid mice), T cells had infiltrated islets and Vb8
was dominantly expressed (see Figures 5D and 5E).
Thus, islet-infiltrating T lymphocytes, but not LN-derived
T cells from 14-day-old NOD mice, reinfiltrated the recip-
ient NOD±scid islets. When Vb8 cDNA clones from islet-
reinfiltrating T cells of NSR2 and NSR4 were sequenced Figure 8. The TCR VDJ Region of FACS-Sorted Islet-Infiltrating
Vb8(1) T Cells from 14-day-old NOD Mice(Figure 7), the nucleotide sequences from the islet-
Sequences of TCR Vb cDNA clones derived from Vb8(1) T cellsreinfiltrating T cells matched the dominant Vb8 nu-
sorted from islet-infiltrating T cells of 14-day-old NOD mice. Threecleotide sequences found in their periphery (see Fig-
rearranged Vb8 sequences were seen. One cDNA clone was identi-ure 6). These results demonstrated that the dominantly
cal to that previously identified (Figures 2 and 6). In contrast, Vb
expanded clonally derived islet-infiltrating Vb8(1) T cells cDNA clones of <300 Vb8(1) T cells sorted from lymph node cells
from 14-day-old NOD mice had reinfiltrated the islets in of the same 14-day-old NOD mice were entirely heterogeneous in
their VDJ regions (data not shown).the NOD±scid recipients.
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islets were prepared according to the procedures described pre-identical TCR Vb8.2 nucleotide sequences on three sep-
viously (Shizuru et al., 1988). In brief, a group of age-matched (13±15arate occasions. The sequence similarity found in the
days after birth) female NOD mice were sacrificed and the pancre-CDR3 regions of many islet-derived Vb8 clones (Figures
ases were cannulated and perfused with a buffer containing colla-
2±4, 6±8) suggested that these T cell clones recognize genase P (Boehringer Mannheim) 5 mg/ml. After digestion, the islets
the same or similar antigen. We were unable, by current were released from pancreatic tissue and isolated on discontinuous
Ficoll gradients; the islets were collected at the interface betweentechniques, to identify any TCR Va product from the
27% and 25% Ficoll solutions. The morphologically intact isletsislet-infiltrating T cells, which suggests at least two pos-
were hand picked with siliconized pipettes undera dissection micro-sibilities. One, current techniques are not sufficiently
scope, thus the islets collected were free of lymph node material.sensitive to detect TCR Va or, two, that there may be a
monoclonal TCR Va that can not be detected by the Preparation of Single Islet Cell Suspension
primers/techniques employed. Anchored PCR requires The purified pancreatic islets were resuspended in a trypsin/EDTA
a large number of T cells, maybe more than exist in the solution (GIBCO) and incubated at 378C for 10 min (300 islets/ml).
The islets were swirled three to four times during the incubation.islet infiltrate. It is also possible that certain TCR Va
Cold culture medium (5 ml) (RPMI supplemented with 10% fetal calfgenes may not be identified by the sets of degenerate
serum) was added to the islet suspension after incubation and theprimers we have employed (Danska et al., 1990; Katz et
islets were disrupted into single-cell suspensions by passage
al., 1993). Thus, if a monoclonal TCR Va is pairing with through a 23 gauge needle five times. The islet cells were centrifuged
the monoclonal TCR Vbs we have identified, it may not and resuspended in 0.5 ml of saline and injected intraperitoneally
be identified by the techniques employed. We are cur- into NOD±scid recipients or subjected to RNA extraction.
rently attempting to generate hybridomas from the early
mRNA Extraction and cDNA Preparationislet-infiltrating T cells to address this question.
mRNA was extracted from pancreatic islets or lymph node cellsWe have previously demonstrated that NOD mice ex-
using the Micro-FastTract mRNA isolation kit (Invitrogen). Reverse
pressing the Vba deletant TCR chromosomes (lacking transcription was performed in the presence of 50 mM of dNTP,
genes for the Vb8 family) develop diabetes (Shizuru et 1 mg/ml of bovineserum albumin, 2 mg/ml of oligo-dT,20U of RNAsin
al., 1991; Livingstone et al., 1991). Thus, TCRs other (Promega) and 40 U of AMV-reverse transcriptase (United States
Biochemical) at 378C for 60 min. cDNA was diluted to 100 ml forthan Vb8 must be used to initiate islet infiltration in NOD
further PCR analysis. Control reactions were set up without addingVba mice. Studies supporting the hypothesis that the
mRNA to monitor any possible contamination in the process ofsame antigen can be recognized by T cells using alter-
cDNA synthesis.
nate TCR Vbs with similar CDR3 region motifs have been
previously reported from our laboratory (Ruberti et al., PCR Reactions
1991, 1993). In those studies, the T cell response of The sequences of the oligonucleotide primers specific for each of
the TCR Vb gene products were essentially the same as publishedDBA/2 mice bearing either the Vbb (wild-type) or Vba
elsewhere (Bell et al., 1993). Two different Cb primers were de-(deletant) TCR b chain haplotype to an immunodominant
signed: CCAGCTCAGCTCCACGTGGTC, for first step synthesis and13 aa peptide from sperm whale myoglobin was ana-
AGGTTTGGGTGAGCCCTC was used for nested PCR reactions
lyzed. It was demonstrated that amino acid similarity when indicated in the text. PCR (40 cycles) was performed at 558C
was maintained within the CDR3 motif despite utilization annealing temperature. The nested PCR reaction was for an addi-
of distinct TCR Vb elements in the response of Vbb tional 40 cycles.
The PCR products were applied on a 2% agarose gel, transferred(Vb8.2) compared with Vba (Vb1) mice (Ruberti et al.,
to a nylon membrane (GeneScreen Plus; Dupont New England Nu-1993). Whether a shared motif will be seen comparing
clear), and hybridized with a Cb probe. The sequence of the Cbislet-infiltrating T cells in Vba and Vbb NOD mice has yet
probe was the following: GGGTGAATTCACATTTCTCAGATC.
to bedetermined. We are currently backcrossing the Vba
gene complex onto NOD mice to analyze this possibility. Cloning and Sequencing of PCR Products
Data presented in this manuscript suggest that early PCR products weredirectly cloned into the pCRII vector (Invitrogen).
On average, 10 clones were picked from each cloning reaction andislet-infiltrating T cells in NOD mice express a predomi-
sequenced. The sequencing primer was the same oligonucleotidenant monoclonal TCR Vb8(1) and thus may react with
used as the Cb probe in the Southern blot analyses.a b cell±specific autoantigen. Superantigen activation
cannot explain our findings. These data support a model Acknowledgments
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